We investigated the relationship between the microscopic elastic and hysteretic behavior of the alveolar walls and the macroscopic mechanical properties of the whole lung in an in vivo elastase-treated rat model of emphysema. We measured the input impedance of isolated lungs at three levels of transpulmonary pressure (Ptp) and used a linear model to estimate the dynamic elastance and hysteresivity of the lungs. The elastance of the normal lungs increased steeply with Ptp, while this dependence diminished in the treated lungs. Hysteresivity decreased significantly with Ptp in the normal lungs, but this dependence disappeared in the treated lungs. To investigate the microscopic origins of these changes, the alveolar walls were immunofluorescently labeled in small tissue strips. Using a fluorescent microscope, the lengths and angular orientations of individual alveolar walls were followed during cyclic uniaxial stretching of the tissue strips. The microstrains (relative change in segment length) and changes in angle of the alveolar walls showed considerable heterogeneity, which was interpreted in terms of a network model. In the normal strips, the alveolar walls showed larger angular changes compared to the treated tissue, while the alveolar walls of the treated tissue tended to be more extensible. Hysteresis in the average angle change was also larger in the treated tissue than in the normal tissue. We conclude that the decreased Ptp dependence of elastance and the constant hysteresivity in the treated lungs are related to microstructural remodeling and network phenomena at the level of the alveolar walls.
INTRODUCTION
Emphysema is thought to result from the combined effects of inflammation and an imbalance of protease and anti-protease activity in the lung (1, 9, 29) . Collagen and elastin, the main load-bearing fibers in the parenchyma, undergo remodeling during emphysema, and the remodeled fiber network has altered mechanical properties (7, 17) , (33) . Additionally, the mechanical forces applied to the lung during normal breathing can contribute to progressive destruction of remodeled alveolar walls (11) , resulting in further loss of elastic recoil of the lung and a decreased surface area for gas exchange (4), (10) . The functional consequences of tissue destruction and remodeling in emphysema can be evaluated by organ level measurements such as lung resistance and elastance.
Many studies have investigated the microscopic determinants of lung elastance in the normal lung (5, 18, 21, 31, 35, 36) . Surface film is an important contributor to elastance, both directly and indirectly via parenchymal distortion (22). The effects of mechanical interdependence on lung elasticity were examined using a hexagonal spring network (15) , and subsequently continuum analysis was used to describe the effects of this interdependence on the small strain behavior of the network (34) . Experimentally, topological studies of lung tissue have characterized the mechanical connections between connective tissue cables and septal membranes in the elastic network of the alveolar parenchyma (24). In conjunction with these studies, analysis of the structure over a range of lung volumes allows inferences to be made about how configuration affects the elastic properties of the tissue. For example, angles measured at the distinctive junctions where two septa meet have been found to be consistent with the principle of surface area minimization (3) . Additionally, microstrains averaged over several alveoli appeared to follow macrostrain (2) . Thus, the study of microscopic elastic behavior may provide key information about the origins of macroscopic elastance.
While the microscopic properties of the parenchymal network influence the elastance of the lung, resistive properties are also important determinants of lung function. Lung tissue resistance appears to be a major component of total lung resistance in many species around the breathing frequencies (6, 8, 13) . Hysteresis, which can be measured as the area enclosed by a pressure-volume loop of the lung, is closely related to tissue resistance (6) . Potential sources of hysteresis in the normal lung include dynamic properties of surfactant at the air-liquid interface (16, 22) , contractile cells (e.g., smooth muscle and/or myofibroblasts) (5) , and the behavior of the collagen-elastin network surrounding the alveoli (19, 36). It has been suggested that surface forces play a role in parenchymal mechanics, and tissue distortion at the alveolar level may be an important contributor of tissue resistance (22). However, dynamic oscillations invoking small changes in surface area of a surfactant monolayer have shown negligible hysteresis in the surfactant itself (27) . Indeed, others have also argued that parenchymal mechanics are largely dominated by the connective tissues (35). To characterize hysteretic properties of the lung, Fredberg and Stamenovic introduced hysteresivity ( ), an intensive property of the tissue defined as the ratio of dissipated energy to stored energy over a cycle (6) .
Since hysteresivity is a material property at the macroscopic level, it should depend on the composition and microstructure of the tissue. However, it still remains unclear how microscopic alterations of the connective tissue lead to deterioration in macroscopic lung function during emphysema.
We hypothesized that during emphysema, degradation and remodeling of the connective tissue matrix lead to microscopic alterations of the alveolar walls, which are reflected in lung tissue elastance and hysteresivity. To test this hypothesis, we analyzed the mechanical behavior of lung tissue on both macroscopic and microscopic levels in normal and elastase-treated rats. We then associated changes in organ level elastic and hysteretic behavior with changes in alveolar wall mechanics. Specifically, the contribution of the collagen-elastin network to organ level elastance and hysteresivity was assessed by immunofluorescently labeling the alveolar walls in normal and emphysematous tissue strips and imaging the alveolar walls during deformations similar in magnitude to those occurring during breathing.
EXPERIMENTAL PROCEDURES
Two groups of male Sprague-Dawley rats (Charles River Laboratories, Boston, MA) weighing between 280 and 350g were anesthetized by intraperitoneal injection of 10-20 mg/kg of xyalzine and 30-35 mg/kg of ketamine (protocol approved by Boston University and Harvard Medical School Animal Care and Use Committee). The rats were treated by a single intratracheal instillation of 1 ml of either physiological saline for the normal control group (n=5) or 2 IU of porcine pancreatic elastase (Sigma Chemicals, St. Louis, MO) to develop an emphysematous group (n=5) (30) . The normal group was a subset of those animals used by Sakai et al. (26) . After 4 weeks, the animals were anesthetized and the chest was opened. The animals were exsanguinated by cutting the portal vein and abdominal aorta, and the lungs were perfused with saline and heparin (1000 IU/L) to remove the remaining blood from the pulmonary vasculature. The lungs were then isolated from the thoracic cavity, and a tracheal cannula (2-mm ID) was connected to the outlet of a computer-controlled small-animal ventilator (Flexivent, SCIREQ, Canada). Impedance data were collected by superimposing forced oscillations on static transpulmonary pressures (Ptp) of 3, 8 and 11 cmH 2 O while the lungs were floating in a saline bath. Macroscopic mechanical parameters were calculated from these data, and tissue strips were isolated from the lungs for microscopic measurements.
Impedance Measurements. Impedance data were collected using the optimal ventilator waveform (OVW) (14) . The OVW is a broadband waveform, which contains energy at frequencies from 0.5 to 15 Hz and consists of frequencies selected to eliminate harmonic distortion and minimize cross talk among the input frequencies. The OVW method provides information on the mechanical properties of the lung while delivering physiological tidal volumes of 10 ml/kg in a closed-circuit, forced-oscillatory system (14) .
Macroscopic Measurements. The volume displacement and pressure signals from the ventilator were low-pass filtered at 30 Hz and sampled at 256 Hz before being stored.
Using Fourier analysis, impedance spectra were calculated on overlapping blocks of pressure and flow data as the ratio of the cross-power spectrum of pressure and flow and the auto-power spectrum of flow. Lung mechanics data from the isolated lungs were analyzed using an inhomogeneous linear model introduced by Suki et al. (32) . In this model, the airway tree consists of multiple airway compartments arranged in parallel.
Each compartment is comprised of a resistance (R), an inertance (I), and a linear tissue 
where is circular frequency and that characterize the macroscopic mechanics were determined. Additionally, hysteresivity ( ) was calculated as the ratio of G to H, Raw was taken as the mean value of the distribution function n(R) as a function of R a and R b , and heterogeneity was characterized by the standard deviation (SDR) of n(R). Hence,
.
Tissue Preparation. Lung tissue strips (n=5 control, n=3 emphysematous) were prepared as in Kononov, et al. (11) . Briefly, thin strips (0.4 x 5 x 5 mm) of subpleural parenchyma were prepared by first infusing the lung with a 2% agarose solution at 55°C
and allowing it to cool at room temperature. Thin strips were cut using a vibratome, and the agarose was washed out. The tissue strips were then immunohistochemically labeled to view the alveolar walls. Anti-Collagen Type I or Anti-Elastin (Sigma Chemicals, St.
Louis, MO) were diluted 1:2000 or 1:5000, respectively, in phosphate-buffered saline (PBS), and the tissue strips were immersed in 800 l of the primary antibodies at 37°C for 1 hour. The strips were then washed three times in 1 ml PBS at 20 minute intervals and immersed in 800 l of anti-mouse IgG FITC conjugate (Sigma Chemicals, St. Louis, MO) diluted 1:1400 and incubated at 37°C for 1 hour. The samples were again washed three times in 1 ml PBS at 20-minute intervals.
Microscopic Imaging. The labeled tissue strips were fixed on one end to a metal plate with cyanoacrylate glue and connected to a servo-controlled lever arm (Series 308B, Cambridge Technologies, MA) with a steel wire. The other end was attached to a glass cover slip, which remained in a fixed position. The setup was attached to an acrylic base, and the entire apparatus was fit atop an inverted fluorescent microscope (Zeiss Axiovert 100TV). The samples were positioned over an opening just above the objective, and they were placed in saline with a cover slip creating the bottom of the tissue bath. The lever arm was used to quasi-statically apply a given strain to the tissue, and the same region was followed with the microscope during both the loading and unloading portions of the cycle. The reference state of 0% strain was defined as the strain just prior to that at which force was developed in the tissue strip. Using a CCD camera, images were captured of the alveolar wall network from 0% to 30% strain in increments of 10%. The collagen and elastin labeled strips were grouped together because at the resolution of these images, the labeled structures correspond to the entire alveolar wall rather than individual collagen or elastin fibers (11) .
Image Processing. The diameters of the alveolar spaces were measured in the normal and emphysematous tissue strips at 0% strain to verify that the elastase treatment caused structural changes characteristic of emphysema. Then, as shown in Fig. 1 , individual alveolar wall segments were followed throughout the elongation, and their length and orientation were manually measured using SigmaScan Software (Jandel Scientific, San Rafeal, CA). In Fig. 1 , the image on the left was taken at 0% strain, while the image on the right was taken of the same region at 30% strain. The local the network was stretched to 30% strain in increments of 10%, and the equilibrium configuration of the network was found at each increment by minimizing the total elastic energy of the network using simulated annealing (20). To simulate the relaxation, the initial length of each element was increased and the equilibrium configuration of the network was found again. This process therefore decreased the force on the elements.
During the deformations, the border nodes were fixed while the internal nodes were free to move. Next, the strain was increased again, and the system was relaxed as above.
After relaxation, at each level of strain, the coordinates of the nodes were recorded, and therefore the length of each line element could be measured at each strain. During unloading, the macroscopic strain was decreased in increments of 10%, and the elements underwent stress adaptation by decreasing the initial length of the elements. Again the coordinates of each line element were recorded at each macroscopic strain.
The network simulation was first run for a homogeneous case, where each line element underwent identical relaxation and adaptation of 20% of the initial length.
Heterogeneity was then introduced by allowing the elements to undergo relaxation or adaptation with a standard deviation of 20% of the mean at each incremental strain.
Using the coordinates, we calculated and plotted the length microstrain of each line element versus the macroscopic strain to obtain plots analogous to the microstrain plots from individual alveolar walls. These simulations allowed us to examine the microstrains of each element as functions of macrostrain during cyclic loading for both a homogeneous and heterogeneous case.
Statistical Analysis. Data were expressed as mean standard error of mean. For the impedance measurements, the differences in model parameters (i.e., G, H, , Raw, SDR) between normal and emphysematous animals were tested using Two Way Repeated Measure ANOVA. Hysteresivity data from the separate populations were analyzed using One Way Repeated Measure ANOVA and linear regression. The microscopic parameters measured were the microstrain and change in angle of individual alveolar walls. T-tests were used to compare the slopes of the changes in angle versus macroscopic strain. The measured changes in angle of the normal and emphysematous groups were compared using Kruskal-Wallis One Way ANOVA on Ranks. Differences between groups were considered statistically significant for p<0.05.
RESULTS
Representative images from normal and emphysematous tissue strips at 0% strain are shown in Fig. 2A and 2B, respectively. It can be seen that elastase treatment caused structural changes within the tissue (Fig. 2B ) compared to the normal tissue ( Fig. 2A) .
The treatment resulted in a relatively small (~19%) increase in mean linear intercept, or the distance between alveolar walls (90 ± 21 m versus 76 ± 22 m), which, however, was statistically highly significant (p < 0.005), suggesting mild or early emphysema.
Examples of the impedance data collected from isolated lungs of a normal and an elastase treated animal are shown in Fig. 3 . The real and imaginary parts of the impedance were fit with the inhomogeneous linear model for both cases. The real part of the impedance is the resistance (Fig. 3A) , while the elastance is calculated as the product of the imaginary part and -2 f, where f is frequency (Fig. 3B ). The resistance of the emphysematous lung is higher, and the elastance is substantially lower than that of the control lung, indicating loss of elastic recoil in the lungs of those animals treated with elastase. The model fits the data well, and the five model parameters (G, H, R a , R b , and I) were obtained from these fits. (Fig. 4B) . The G significantly depended on both condition and Ptp, and the interaction between condition and Ptp was also statistically significant. The average slope of the linear regression of G versus Ptp for the normal lungs (0.029) was more than twice that of the emphysematous lungs (0.014), and this difference was statistically significant (p < 0.02). Using Two Way ANOVA on the entire population, hysteresivity was found to significantly depend on Ptp (p < 0.02), but no difference was detected with condition ( Fig. 4C ). However, using
One Way ANOVA on the separate populations of normal and treated lungs, hysteresivity was found to depend on Ptp for the normal lungs (p < 0.002), but not for the emphysematous lungs (Fig. 4C ). In agreement with this test, linear regression showed that the slope of versus Ptp for the normal lungs was statistically significantly different from zero (p < 0.0005), while that for the emphysematous lungs was not different from zero. Therefore, hysteresivity did not decrease with Ptp in emphysematous lungs, while there was a systematic decrease in with Ptp in normal lungs. (Fig. 5A) . Also, mean SDR was higher for the emphysematous lungs at every Ptp, indicating a larger degree of heterogeneity (Fig. 5B ). Although these changes did not reach statistical significance, a trend of increased Raw and SDR for emphysematous lungs is evident.
To assess the microscopic origins of elastic and hysteretic behavior at the level of the alveolar wall, selected regions of the immunofluorescently labeled tissue strips were imaged while the macroscopic strain was increased from 0 to 30% and then decreased back to 0% strain. Figure 6 shows images from a selected region of normal lung tissue immunofluorescently labeled for elastin and stretched uniaxially in the vertical direction.
The top row of images corresponds to the loading of the tissue, while the bottom row shows the same region during unloading. The network of alveolar walls appeared as an isotropic hexagonal mesh at 0% strain. As the tissue was stretched, the hexagons became distorted and the lengths and angles with respect to the direction of strain noticeably changed. From these images, the microstrains and changes in angle of the individual alveolar walls were calculated as in Fig. 1 .
The microstrain and change in angle were plotted against macroscopic strain for each individual alveolar wall segment identified. Extreme heterogeneity was seen among these measurements, as some of the microstrain loops followed a clockwise pattern, others a counterclockwise pattern, and some loops even followed a "figure 8" pattern.
Examples of these patterns for individual alveolar wall segments are shown in Fig. 7 .
Each type of pattern was seen with similar frequency for both normal and emphysematous alveolar walls. The physiological implications of the heterogeneous behavior of the alveolar walls are further considered in the Discussion.
We next considered only the subset of alveolar wall segments that had an original angle of less than 45 degrees. Figure 8 shows the average behavior of these normal and emphysematous alveolar walls during quasi-static stress-strain loops. Although the microstrain of individual segments may not have returned to the original microstrain when the macroscopic strain returned to zero, the average microstrain did return to zero.
In contrast to the large hysteresis in the microstrain-macrostrain of individual walls seen in Fig. 7 , the average hysteresis in length was negligible for both the normal and treated lungs. However, for the same macroscopic strain the alveolar walls for the treated lungs appeared to stretch more (Fig. 8A) , although this increase did not reach statistical significance.
The angular hysteresis was notably larger in the treated lungs, but due to the extreme heterogeneity, this difference was not statistically significant. Additionally, the magnitudes of the angular changes of the treated lungs were smaller than those of the normal lungs (Fig. 8B) , and the difference nearly reached a significant level (p=0.052).
The change in angle is a measure of how the alveolar walls fold with macroscopic strain. The purpose of the computer simulation using the hexagonal network model was to better understand the heterogeneous folding pattern of the alveolar wall network.
When each line element was assigned an equal relaxation and adaptation (homogeneous case), no hysteresis was observed in the microstrain vs. macrostrain curves, i.e. the loading and unloading portions of each element followed the same path (not shown).
However, when we introduced heterogeneous relaxation into the network model by allowing a standard deviation of 20% in the mean relaxation and adaptation of the force on each element, various types of loop patterns where observed (Fig. 9) . With heterogeneities, the same types of loop patterns were seen in the network as in the alveolar wall network, including the "figure 8" pattern.
DISCUSSION
The main findings of our study are that in vivo elastase treatment caused changes in both the elastic and hysteretic properties of the whole lung and in the behavior of alveolar walls. Specifically, despite the small increase in mean linear intercept (~19%), the elastase treatment leads to a significant decrease in lung elastance as well as changes in the Ptp dependence of elastance. Additionally, the dependence of hysteresivity on Ptp was eliminated in the treated lungs. On the microscopic level, the alveolar walls of the treated tissue tended to be more extensible, and alveolar walls folded less in the treated tissue. However, this folding tended to have more hysteresis in the treated tissue than in the normal tissue. Before discussing the physiological implications of these changes, several methodological factors need to be considered.
Methodological considerations.
The microscopic images of the alveolar walls portray a three-dimensional network in a single plane. Therefore, it is difficult to determine how the components move relative to the focal plane during stretching. To eliminate the corresponding uncertainty in the measurements, we considered only those alveolar wall segments whose intensity remained relatively constant throughout the stretching cycle. Also, there was extreme heterogeneity in the measurements. Segments in the direction of strain demonstrated considerable deformations, while those aligned perpendicular to the strain field remained relatively unchanged. To determine general trends, we did not evaluate segments that were generally perpendicular to the direction of strain because the displacement signals of these elements were not great enough to override the noise in the manual measurement of line element length and angle. As a result, the number of remaining segments included in the analysis was not always enough to overcome the inherent heterogeneity at the microscopic level and to obtain statistically significant results. However, for both the length microstrain and change in angle measurements, the standard deviation from the mean was larger in the emphysematous tissue than the normal tissue at every level of macroscopic strain.
Another drawback of the tissue preparation method used to collect the microscopic data is the possible effects of agarose inflation on tissue strip mechanics. As 28) also argued that the lung volume-dependent nature of could be attributed to the progressive contribution of collagen at higher lung volumes. Since the of collagen is less than that of elastin (18, 36), it follows that at higher lung volumes, as collagen plays a larger role, the of the lung will decrease. A statistically significant decrease in with Ptp was seen in the normal animals from our study as well (Fig. 4C) .
In another study, Pillow et al. (25) showed that the development of structural emphysema influences parenchymal . The mechanical properties of lungs from normal mice were compared to those from transgenic mice overexpressing transforming growth factor (TGF)-, which creates structural lung disease characterized by abnormally large alveolar spaces. Their study showed a trend of decreasing H, without a significant increase in in the mice with alterations in lung structure compared to normal mice.
These findings are consistent with our findings: in our elastase treated group, did not decrease with increasing Ptp, and was larger in the treated animals at high levels of Ptp.
This change is likely due to real changes in the hysteretic properties of the alveolar connective tissue of the treated animals.
We investigated the effects of heterogeneities on lung mechanics by fitting the impedance data using a model that includes parallel heterogeneities (32). Although not statistically significant, Raw and SDR indeed tended to increase in the emphysematous lungs, indicating that the treatment caused heterogeneous changes in the macroscopic lung properties (Fig. 5) . In principle, an increase in observed at the organ level may reflect heterogeneities (26). However, since we included heterogeneities in our model of lung impedance, the altered Ptp dependence of in the treated group cannot be solely due to heterogeneities. In the normal lungs, the decrease in is due to the increased contribution of collagen fibers at higher levels of Ptp(28). In the treated lungs, the fact that does not decrease with Ptp indicates that structural changes induced by elastase treatment may create remodeled fibers, especially collagen, with different hysteretic properties. It has been reported that following elastase treatment, collagen undergoes remodeling (12) and can even rupture (11) . Because the increasing contribution of collagen is responsible for the steep rise of with Ptp in the normal lungs, the remodeled collagen must be responsible for the plateau of H with increasing Ptp in the emphysematous lungs. The organ level changes in mechanics could thus be due to remodeling of elastin and collagen or mechanical failure of collagen, or perhaps both, which are subsequently discussed.
Microscopic Mechanics. The most accepted characterization of the development of emphysema is the measurement of mean linear intercept on histological sections of lung tissue. The significant increase seen in the mean linear intercept of elastase treated lungs is due to destruction of alveolar walls, often causing two or more alveoli to coalesce into one (17, 23) . The mean alveolar diameters increased in our treated group, confirming the development of structural emphysema. Recently, Kononov et al. (11) developed a technique to measure how alveolar diameters change during uniaxial stretching and concluded that mechanical forces contribute to the destruction of lung tissue. In this study, we further developed this technique, which is unique in that it allowed us to visualize and quantify the microscopic manifestations of in vivo elastase treatment during quasi-static cyclic stretching. Thus, we could investigate how changes in the connective tissue matrix contribute to the dynamic organ level mechanical properties.
It is well established that emphysema causes a decrease in lung elastance. Since elastance also decreases in tissue strips, which exclude the air-liquid interface, the alveolar walls themselves should be more easily extensible in the emphysematous tissue.
Indeed, for the same macroscopic strain, the alveolar walls from the elastase treated tissue show a larger microstrain in length (Fig. 8A) . However, the microstrain was not statistically larger in the treated tissue than in the normal tissue. The reason for this is likely related to the large heterogeneity or the network behavior (see below) observed at the level of the alveolar walls. There are two ways a hexagonal structure can accommodate strain: it can stretch via elongation of the line elements or it can fold by changing the angles between adjacent line elements. Although the alveolus is hexagonallike, when stretched uniaxially, we observed changes both in angle and in wall segment length (Fig. 1) . Because the normal tissue is stiffer and the alveolar walls are less extensible, the walls of the normal tissue are more likely to accommodate stretch by changing orientation. Indeed, the normal tissue showed a larger absolute change in angle than the emphysematous tissue. Thus, while heterogeneity was sufficiently large to eliminate statistical differences in length-related microstrains and angular changes between normal and treated tissue, the trends suggest that alveolar walls are more extensible in the elastase-treated tissue.
Neither the normal nor the emphysematous alveolar walls exhibited hysteresis in average length microstrain (Fig. 8A) . However, upon closer examination of the individual loop patterns in Fig. 7 , it is apparent that the reason for this lack of hysteresis is the presence of extreme heterogeneity in the loop behavior. In contrast to measurements of length microstrain, on average, the emphysematous tissue showed a much larger hysteresis area in the angle change measurements than the normal tissue (Fig. 8B ), but the larger hysteresis area in the treated tissue was not statistically significant. The lack of statistical significance is again very likely due to the variety of behaviors seen in the loops for individual alveolar walls, suggesting that that besides the properties of the individual alveolar walls, the network behavior plays an important role in the behavior of each segment. The increased microscopic angular hysteresis likely contributes to the increased hysteresivity seen in the treated isolated lungs at high levels of Ptp.
In a network, the heterogeneous viscoelastic properties of neighboring segments can significantly contribute to a segment's microscopically observed mechanical behavior. The deformation and folding of an isolated segment can behave differently from a segment that is part of a network. This strong network effect appears to suggest that individual alveolar walls may not follow the continuum macroscopic strain field. To quantify this network effect, we calculated the expected changes in angles that would occur if the folding of individual alveolar walls followed the macroscopic strain field (see 
where is the macroscopic strain, is the original angle of the segment with respect to the macroscopic strain, and is the Poisson's ratio. Figure 8B shows the averages of the measured changes in angle versus the macroscopic strain, along with lines representing the predicted changes in angle (using nu=0.5 in Eq. 4) for the normal and emphysematous alveolar walls. The predicted change in angle including all macroscopic strains and both conditions was -0.092 ± 0.055 radians, whereas the corresponding measured change in angle was -0.044 ± 0.118 radians, and the difference was highly significant (paired t-test; p<0.001). Also, the variability of the measured changes in angle was 100% larger than that of the predicted changes in angle (F-test; p<0.001). In a previous study, Butler et al. (2) found that the average microscopic strain closely matched the macroscopic strain field during uniaxial distortion. They superimposed the uniaxial shear deformation on a uniformly prestressed state of the air filled lung, which homogenized the system, while our tissue strips submerged in fluid started from an unstressed state. Additionally, Butler et al. (2) considered length scales of 1 to 2 cm sampled by an optical probe, and their data may correspond to the average behavior of several hundred alveoli. In this study, we have examined the mechanics of individual alveolar walls at length scales of about 2 orders of magnitude smaller than those in (2). Our results suggest that continuum analysis cannot be used to evaluate the configurations of the individual alveolar walls, and network models must be used to describe the behavior instead.
Network behavior. To interpret the experimentally observed loop patterns of the alveolar walls (Fig. 7) , we used a computer simulation of a two-dimensional hexagonal network model to represent the alveolar wall network (20). This model was not intended to faithfully model the parenchyma, but it is useful to gain a qualitative understanding of the mechanical behavior of an interconnected heterogeneous structure. Indeed, with heterogeneous relaxation invoked in the model, the behavior of the network elements mimicked the behavior of the individual alveolar walls in the tissue strips. Some line elements even showed the "figure 8" pattern (Fig. 9C) . The heterogeneous relaxation gives each element different properties to simulate the fact that each alveolar wall segment may have a slightly different composition, and therefore each will respond differently to the imposed strain. Also, the behavior of each alveolar wall is dependent upon the behavior of neighboring walls. Hence, we conclude that network behavior plays an important role in the observed mechanical behavior of individual wall segments, which therefore cannot be characterized isolated from their neighbors.
Additional network effects can result from mechanical failure of the alveolar walls. Along with enzymatic digestion of elastin fibers, the development of emphysema initiates various biochemical cascades resulting in elastin and collagen remodeling (12, 17, 33) . Fatigue and ultimately failure of weakened individual fibers and entire alveolar walls is likely to occur during cyclic stretching similar to breathing (11) . Destruction of alveolar walls changes the stress distribution and dissipation of the tissue. Indeed, if rupture occurs somewhere in the network during cyclic stretching, increased hysteresis may be observed in the microscopic behavior of individual segments. Additionally, failure of alveolar walls at high strains may also contribute to the plateau of H at high levels of Ptp. Thus, during emphysema, changes in the structural composition of the tissue as well as network failure should be reflected in changes in elasticity and hysteresivity.
Conclusions. By studying lung tissue mechanics from both macroscopic and microscopic levels, we have found that while the normal lungs showed a decrease in with Ptp, the emphysematous lungs showed a constant at all Ptp levels. Additionally, The above equation gives the expected change in angle for a given segment with initial angle if the segment follows the macroscopic strain field. Thus, the average from the measured data can be compared to the prediction of Eq. A-2 (Fig. 8B) . 
